Calorie restriction without malnutrition increases longevity and delays the onset of age-associated disorders in multiple species. Recently, greater emphasis has been placed on healthy life span and preventing frailty than on longevity. Here, we show the beneficial effect of long-term calorie restriction on frailty in later life in a nonhuman primate. Frail phenotypes were evaluated using metabolic and physical activity data and defined using the Fried index. Shrinking was defined as unintentional weight loss of greater than 5% of body weight. Weakness was indicated by decline in high intensity spontaneous physical activity. Poor endurance or exhaustion was indicated by a reduction in energy efficiency of movements. Slowness was indicated by physical activity counts in the morning. Low physical activity level was measured by total energy expenditure using doubly labeled water divided by sleeping metabolic rate. Weakness, poor endurance, slowness, and low physical activity level were significantly higher in control compared with calorie restriction (p < .05) as was total incidence of frailty (p < .001). In conclusion, we established a novel set of measurable criteria of frailty in nonhuman primates, and using these criteria, showed that calorie restriction reduces the incidence of frailty and increases healthy life span in nonhuman primates.
Frailty is a state of high vulnerability for adverse health outcomes; a higher risk of disability, falls, hospitalization, and mortality (1) . The prevalence of frailty increases with increasing age (2) . Based on projections by the United Nations, the world population of older people has just exceeded that of children younger than 5 years of age, and more people are living longer and to more extreme ages than ever before (3) . Thus, the total worldwide population of frail elderly adults is predicted to dramatically increase (4) .
Physical function is known to affect quality of life. Given the overall aging of the population, increasing healthy life span without frailty and/or trying to decrease the gap between whole life span and healthy life span are emerging scientific objectives. As a result, there is now greater emphasis placed on measurement of physical function during intervention studies in both animal models and humans (5) . In light of this, recent rodent studies have been establishing and applying measurements of frailty (6) (7) (8) (9) (10) (11) . There are two common assessments of frailty that have been successfully adapted to aging studies in mice, the Fried frailty phenotype and the Rockwood-based frailty index (9) . The Fried frailty phenotype (12) conceptualizes frailty functionally with five standard measurable outcome variables (unintentional weight loss, exhaustion, weakness, slow walking speed, low physical activity). Using this index, frailty is defined as a clinical condition when three or more of the functional criteria are present. The Rockwood-based frailty index (13) conceptualizes frailty as a multidimensional clinical syndrome taking into account a wide array of outcome variables. It is defined as the number of deficits in an individual divided by the total number of deficits measured and as such is an index of deficit accumulation.
Longitudinal human studies (14, 15) have revealed individual variability in the relationship between chronological age and physical capacity, or biological age. This variability is likely due to subtle or pathologic physiological changes experienced throughout the life span. Therefore, it would be informative to examine the effects of long-term lifestyle interventions initiated in adulthood on later-life physical capacity. Such studies in humans would be technically and ethically challenging if not impossible. Therefore, insight into these questions from animal models is necessary. The Wisconsin National Primate Research Center (WNPRC) "Caloric Restriction and Aging in Rhesus Monkeys" Study (16) (17) (18) (19) (20) gives us the unique opportunity to understand the effects and mechanisms of long-term diet intervention in a nonhuman primate.
Caloric restriction (CR) without malnutrition increases longevity and delays the onset of age-associated disorders in a variety of laboratory organism, including yeasts, worms, flies, and rodents (21) . Although fewer controlled studies have been performed in nonhuman primates and humans, outcomes in terms of body composition and circulating lipoprotein and metabolite profiles are similar (16, 18, 22, 23) , suggesting conservation of beneficial effects among primate species. In rhesus monkeys, CR has been shown to reduce or delay the onset of diverse age-related diseases and conditions such as diabetes (24) , immune senescence (25) , hypertension, cancer, bone demineralization, and brain atrophy (16, 26) in rhesus monkeys. We have also shown that CR attenuated sarcopenia and age-related decline in physical activity in rhesus monkeys (17, 27) .
In the field of human clinical investigations, the concept of frailty has been an area of much research interest (28) . With regard to animal models, Arum and colleagues (6) and Kane and colleagues (8, 9) . reported that CR reduced frailty in mice. However, measures of frailty have yet to be fully defined in nonhuman primates and the effect of long-term CR on frailty in nonhuman primates has not been assessed. Thus, we developed a novel objective index of metabolic and physical activity data that we propose to be similar to measures of physical performance based on the Fried model and used these parameters to examine the effect of CR on frailty. We hypothesized that long-term, adult-onset CR would prevent frailty in later life in a rhesus monkey model.
Methods

Animals
The overall design of the CR study at WNPRC has been previously described (20, 29, 30) , as have the detailed protocols used to measure metabolic and physical activity data (27) . Briefly, the study includes three groups of adult rhesus monkeys (Macaca mulatta of Indian origin); 30 male monkeys entered in the study in 1989 (Group 1), and 30 females (Group 2) and an additional 16 males (Group 3) were introduced in 1994. All groups averaged ~10 years of age at the onset of CR. Within each group, animals were evenly randomized based on body weight to either the control (C) or CR group. For this analysis, energy expenditure and physical activity data collected from 2007 to 2008 was used as later-life data. At the end of the 2008 data collection period, 18 of 38 C animals and 24 of 38 CR were still alive. These 42 surviving animals were used for this analysis.
Mean age was 24.6 ± 2.8 years, and intervention duration was over 18 years for Group 1 and over 13 years for Groups 2 and 3. The overall median life span of rhesus monkeys at WNPRC is 27 years, and the maximum life span is 40 years (26, 31) .
The animals were housed in individual cages (89-cm wide × 86-cm deep × 86-cm high) to minimize aggressive encounters and to control and quantify food intake. All animals had extensive visual and auditory contact with other study animals. The animals were allowed continuous access to water, and the rooms were maintained at 21−26°C with ~50%−65% relative humidity. Artificial room lighting was automatically controlled to provide 12-hour light and dark periods. The protocol was approved by the Animal Care and Use Committee of the Graduate School of the University of WisconsinMadison, an AAALAC-accredited program.
Diet and Weight Loss
At the outset of the study, ad libitum food intake was assessed to define an individual baseline intake for each animal. Thereafter, the C monkeys were allowed ad libitum access to food for ~6-8 h/d, whereas CR monkeys underwent individualized caloric restriction of ~30% from the baseline assessment amount. The C monkeys were fed a defined, pelleted diet (no. 85387, Teklad, Madison, WI) containing 15% lactalbumin, 10% corn oil, and approximately 65% carbohydrate, as previously described (29) . CR animals were fed a similar diet (no. 93131, Teklad), except that the mineral and vitamin mix were increased by about 30% to minimize differences in total daily mineral and vitamin intake between groups. Food was provided in the morning and removed 6-8 hours later. At this time, weight of spilled food was estimated, and food remaining in the trays was weighed to calculate daily food intake, and the animals were given a piece of fresh fruit. Weight change from 1999-2000 to 2007-2008 period was calculated and unintentional weight loss of greater than 5% of body weight was defined as shrinking within the index of frail phenotype (frailty criterion #1).
Calorimetry and Weakness
Twenty-four-hour energy expenditure (24hEE) was measured in a standard cage enclosed within a transparent metabolic chamber with dimensions of 75-cm wide × 75-cm deep × 80-cm high as previously described (32, 33) . Chamber temperature was maintained at 21°C to maintain the animals at thermoneutrality. The animals were housed in these chambers 1 day before the start of measurements for acclimatization. Respiratory gas exchange was measured for two consecutive days. The chamber was located in a room where other animals were housed to provide a familiar social environment.
Filtered air was drawn into the chamber, and the flow rate, temperature, and humidity were measured. A portion of the exhaust air from the chamber was dried and analyzed for oxygen (S-3A O 2 analyzer; Ametek, Pittsburgh, PA) and CO 2 (CD-3 CO 2 analyzer; Ametek) contents. The 24hEE was calculated on the basis of the oxygen consumption and CO 2 release rates using the modified Weir equation. Ethanol was burned from a lamp and the %recovery of O 2 and CO 2 was used to calibrate the chambers. Sleeping metabolic rate was defined as the lowest continuous 3-hour period recorded during the night with confirmation of no physical activity by accelerometer based activity count. Metabolic equivalent intensity were expressed as measured metabolic rate divided by sleeping metabolic rate as calculated every 5 minutes. Duration of high-intensity activities, greater than 1.8 metabolic equivalent intensity, was calculated and engaging in these activities for less than 60 min/d was defined as weakness within the index of frail phenotype (frailty criterion #2).
Doubly Labeled Water Procedures and Low Physical Activity
Total energy expenditure was determined during a 5-day period by the two-point double-labeled water methodology described previously (34) . After anesthesia (ketamine HCl, 15 mg/kg im), a baseline blood sample was collected, and a premixed 1.51 g/kg estimated total body water dose of double-labeled water was given intravenously. The dose was composed of 0.3 g/kg estimated total body water of 94% H 2 18 O (Rotem Industries, Beer Sheva, Israel) and 0.17 g/kg estimated total body water of 99.9% 2 H 2 O (Cambridge Isotope Laboratories, Andover, MA) and was diluted with 3% NaCl to physiological osmolarity. Blood samples were collected at 2 hours and 1 and 5 days after dosing. Immediately after collection, blood was centrifuged for 10 minutes for serum separation. Serum was stored at −20°C in cryogenically stable tubes until analysis by isotope ratio mass spectrometry.
Water from serum samples was extracted by centrifugation (4°C, 1 hour, RCF 12,000g) on regenerated cellulose filters (YM-50, Centricon, Bedford, MA). Deuterium and oxygen-18 isotopic enrichments were determined as previously described (34) . CO 2 production was calculated according to the equation of Schoeller and colleagues (35) . 
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where N represents the average isotope dilution space of deuterium and 18 O calculated from Coward and colleagues (36) by the plateau method using the 2-hour postdose sample and corrected for isotope exchange by the factors 1.041 and 1.007, respectively. The isotope dilution space ratio was 1.041 ± 0.009 (mean ± SD). k o and k d represent the isotope elimination rates calculated by linear regression of the natural logarithm of isotope enrichment as a function of elapsed time from Day 1 samples. Total energy expenditure was calculated using the modified Weir equation and a food quotient of 0.93, which was estimated from the animal's diet. Day 1 samples were chosen for calculation of k o and k d to avoid the potential artifacts (hypometabolism, hypoactivity, etc.) introduced in the total energy expenditure estimates by anesthesia. Physical activity level was calculated by total energy expenditure/sleeping metabolic rate, and physical activity level of less than 1.3 was defined as low physical activity within the index of frail phenotype (frailty criterion #3).
Accelerometer and Slowness
Physical activity data were collected using a commercial accelerometer (Actiwatch AW-64, Resprionics/Mini-Mitter, Bend, OR) designed to quantify physical motion. The accelerometer was attached on a collar fastened around the animal's neck. Annual accelerometry measures were taken over a 3-to 4-week period each year. The first ~5 days of activity were considered to be the adaptation period and those data were not included in the analysis. Accelerometer data were collected for all CR animals but only 13 of 18 C because at the time of measurement the collars were not well tolerated by 5 of the C animals. The accelerometer sampled activity counts every 1 minute and the log-transformed activity counts during the morning (0600-1200 hours) of less than eight was defined as slowness within the index of frail phenotype (frailty criterion #4).
Metabolic Cost for Movements and Poor Energy and Exhaustion
The relationship between metabolic rate and activity count is approximately linear over a broad range of activity counts (37) (38) (39) , and cost of activity can be calculated as the slope of the regression of metabolic rate (the dependent variable) on activity counts because the regressions of activity counts on metabolic rates return significant intercepts (40, 41) . We plotted metabolic rates against activity counts for every hour in the respiratory chamber to estimate cost of activity for each individual. Using least squares linear regressions, we estimated the slope (ie, incremental cost of activity) and intercept for each individual. An increase of cost of activity higher than 0.0045 was defined as poor endurance or exhaustion with the index of frail phenotype (frailty phenotype #5).
Frailty Thresholds
Because frailty indices have not been defined for rhesus monkeys, the thresholds for each frailty phenotype were based on an evaluation of data from this cohort. In humans aged 65 years and older, reported prevalence of frailty in the community varies enormously (range 4.0%-59.1%) (42) . We assumed that the prevalence in lean rhesus monkeys (CR group) older than the average life span of this species in the wild and with limited living space and mobility is about 20%-30%, and set each threshold to reflect this level in the current study. The parameters were then tested using incremental thresholds on either side of this cut off, and in each case, the difference between C and CR groups was significant. Final specifications for each index are outlined earlier in Methods section.
Statistical Analysis
Results were presented as the mean ± standard deviation (SD). Age, body weight, energy intake and the degree of presence of each frail phenotype were compared between the C and CR groups by unpaired student's t-tests. Morning activity count data were log transformed (ln) to improve normality. The two-way analysis of covariance with diet (C vs CR) and sex (male vs female) as between-subject factors, and age as a covariate in the model was applied because the animals of all three groups varied in age. Because no significant interaction of diet treatment × sex was found for any frail phenotype, combined male and female data were also shown. The prevalence of nonfrail, prefrail, and frail between the C and CR groups was compared by chi-square test. All analyses were performed using SPSS 22.0 for Windows, and results were considered significant at p < .05.
Results
We utilized metabolic and physical activity data to assess frailty in animals that had been subjected to long-term, adult-onset CR and their age-matched C counterparts. At the time of the 2007-2008 assessments, both the C and CR animals were ~24 years of age, which is close to the 50% mortality for this species at ~26 years of age. By design, CR monkeys had lower body weight and lower energy intake compared with C (p < .05, Table 1 ). Our definition of thresholds for each frailty phenotype can be found in Frailty Thresholds (Methods section). Figure 1 shows group comparisons for each component of the Fried frail phenotype as we defined them in our model system using metabolic and physical activity data. Weight loss, as an indictor of shrinking, did not differ between groups ( Figure 1A) ; however, other frail phenotypes were different between C and CR groups. Metabolic chamber data were used to index weakness. C animals had lower levels of highintensity activity (metabolic equivalent intensities) compared with CR ( Figure 1B ). Accelerometer measures of voluntary physical activity were conducted while the animals were in the metabolic chambers. Morning activity (counts) was used as an index of slowness and were lower in C animals compared with CR ( Figure 1C ). Total activity was also assessed by double-labeled water measurements. Physical activity levels were used as an index of low activity and were lower in C compared with CR animals ( Figure 1D ). Metabolic cost of movement analysis was conducted for each animal in the cohort to index poor endurance or exhaustion. C animals had a higher cost of movement compared with CR animals consistent with previous reports ( Figure 1E ) (27) . Figure 2 shows group and sex comparisons for each component of the Fried frail phenotype. No significant interaction of diet treatment × sex was found for any of the frail phenotypes (p = .13-.55). There was no significant difference between male and female in weight loss and weakness. Cost of movement was significantly better and morning activity counts was greater in female than male (p < .05). In contrast, total physical activity level was higher in male than female (p < .01).
Taking each parameter into consideration, the five indices were summed to derive incidence and severity of frailty for the C and CR groups. There was a higher incidence of frailty phenotype in C compared with CR monkeys (p < .01, Figure 3) as indicated by the shift in distribution of summed frailty phenotypes. Table 2 shows the cross-tabulation table of dietary treatment and frailty. Overall frailty Open bars represent C animals; closed bars represent CR animals. Data are shown as mean ± standard deviation (SD) Analysis was conducted using unpaired student's t-tests *p < .05, **p < .01.
was defined as the assignment of frail for 3 of the 5 individual frailty indices. Although 78% of C were categorized as frail (14/18), only 29% of CR monkeys were categorized as frail (7/24; p < .01).
Discussion
We have previously shown that CR in rhesus monkeys leads to improved health span and life span (16, 18) . Here, we further define this improvement in health span by evaluating frailty in the same population. We found that animals subjected to long-term, adult-onset CR had less frailty than their age-matched C counterparts for both males and females.
Chronological age, or the number of years an individual has lived, and biological age, or a description of an individual's stage of development, frequently differ. This difference can be defined as an individual's degree of fitness or frailty. Frailty is increasingly recognized as a clinically relevant syndrome defining increased vulnerability that may be addressed therapeutically. Any translation of potential frailty treatments from laboratory to clinical practice requires the development and validation of measurable outcomes, as well as sensitive and specific biomarkers of healthy aging that have been validated in experimental animal models of aging.
One such highly relevant animal model of aging is the rhesus monkey. Rhesus monkeys share ~93% sequence identity with the human genome (43, 44) , and this similarity extends to numerous aspects of their anatomy, physiology, neurology, endocrinology, immunology, and behavior (31) . Unlike rodents, rhesus monkeys display patterns of eating and sleeping behavior that mirror those of humans, have a life span measured in decades, and develop and age in similar ways to humans. Unlike in human studies, environment, dietary intake, and medical history can be fully controlled, and studies can be designed to assure comprehensive subject monitoring and strict protocol adherence.
Little work has been done on surrogate outcomes for frailty, and to our knowledge, this is the first study in which frailty in a highly relevant nonhuman primate model of aging has been evaluated. We adapted the Fried frailty phenotype, which allowed us to operationalize frailty as a syndrome. We chose to adapt the Fried phenotype for several reasons. Given the established design of the larger CR and aging study, we had well-controlled, relevant, and consistently measured data to use for each of the five defined components of the Fried phenotype. In contrast, the unlimited nature of the Rockwood index relies heavily on consistent evaluation of all possible outcomes over time. Given the length of this study, the life span of our species of choice and changes in the type, quantity, and quality of clinical evaluation over the course of the study, we could not be fully confident that each animal would have had an equally thorough evaluation.
We found that the CR animals had healthier values for four of the five components that define the Fried phenotype. The only phenotype for which we found no difference was shrinking. Our operational definition of shrinking was an unintentional weight loss of greater than 5% over an approximately 8-year period. Although the C animals did lose more weight than did the CR animals, this failed to reach significance likely due to the high variability in this measurement. For the remaining four measurements; weakness, slowness, low activity, and poor endurance or exhaustion, differences between the C and CR group were in the expected direction. Furthermore, when we looked at the overall presence of frailty phenotypes in our population, we found that 78% of C animals exhibited three or more of the frail phenotypes and were thus considered frail compared with only 29% of CR animals. These analyses combine to show that the CR paradigm delays or prevents frailty in rhesus monkeys.
We found no significant interaction between diet condition and sex for any frailty phenotype, although there were significant sex differences in three of five components of the frailty phenotype. In humans at any age, women have been shown to accumulate more deficits then men (45) . However, the effect of long-term CR treatment on healthy life span is positive for both sexes in monkeys and a sex difference is not detected in the impact of CR on measures of mortality or morbidity (16, 18) .
There are limitations of our study design that should be considered. Given that the CR animals weighed less, but their diet was supplemented by 30% in vitamins and minerals, CR animals received more vitamins and minerals per bodyweight than C animals. This difference might imply a healthier diet in CR animals and may therefore be more likely to prevent frailty. On the other hand, protein and energy intake, known to be inversely correlated with frailty, was lower in the CR compared with C animals. It is important to appreciate that although activity levels are a large component of the phenotypes we evaluated, our animals are cage-living with limited space for physical activity. However, all animals, both C and CR, live in the same caging conditions and therefore have the same limitations for physical activity. Furthermore, these animals have been housed in similar environments for most of their lives and are well adapted to these circumstances. Ideally, this frailty phenotype would be further evaluated in a larger study of nonhuman primates living in large social groupings with access to abundant space for physical activity. In reality, however, the likelihood of accomplishing this is extremely limited, particularly within the context of long-term CR.
As a highly translational model for aging research, the development of an easy to apply and well-validated indicator of overall frailty in rhesus monkeys will facilitate evaluation of aging interventions and potentially move new therapeutic options from laboratory to clinical practice more quickly and efficiently. The demonstration that CR positively impacts indices contributing to the frailty index further supports the utility of this model, as health and survival benefits of the CR paradigm have already been established in this primate species.
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